Previously, it was shown that cationic ␣-peptides derived from the human immunodeficiency virus TAT protein transduction domain blocked herpes simplex virus type 1 (HSV-1) entry. We now show that cationic oligomers of ␤-amino acids ("␤-peptides") inhibit HSV-1 infection. Among three cationic ␤-peptides tested, the most effective inhibition was observed for the one with a strong propensity to adopt a helical conformation in which cationic and hydrophobic residues are segregated from one another ("globally amphiphilic helix"). The antiviral effect was not cell type specific. Inhibition of virus infection by the ␤-peptides occurred at the postattachment penetration step, with a 50% effective concentration of 3 M for the most-effective ␤-peptide. The ␤-peptides did not inactivate virions in solution, nor did they induce resistance to infection when cells were pretreated with the ␤-peptides. The ␤-peptides showed little if any toxicity toward Vero cells. These results raise the possibility that cationic ␤-peptides may be useful antiviral agents for HSV-1 and demonstrate the potential of ␤-peptides as novel antiviral drugs.
Herpes simplex virus type 1 (HSV-1) is a significant human pathogen causing mucocutaneous lesions primarily in the oral mucosa (cold sores), as well as other sites. More-severe diseases caused by HSV-1 infection include encephalitis, meningitis, and blinding keratitis (65) , and HSV-1 is the leading cause of blindness due to infection in developed countries (5) . Following an initial infection, HSV-1 establishes latent infection of neurons in sensory ganglia of the host (29) , from where it periodically reactivates and causes recurrent lesions at the site of primary infection. To date, none of the currently approved antivirals can eliminate an established latent infection. Because of the difficulties dealing with latency, preventing HSV-1 from entering the cell is an attractive antiviral strategy.
HSV-1 entry is a complex process, involving multiple components on both the cell plasma membrane and the viral envelope. The initial interaction involves the binding of viral glycoprotein C (gC) or gB to cell surface heparan sulfate proteoglycan (58) . Four viral glycoproteins, gB, gD, and the gH-gL heterodimer, are essential for the subsequent membrane fusion and entry steps (56, 57) . Following attachment, gD interacts with any of three cellular receptors: herpes virus entry mediator, nectin-1, and 3-O-sulfated heparan sulfate, leading to a conformational change in gD (12, 13, 21, 22, 34, 39, 54, 62) . This conformational change in gD is believed to trigger the formation of the fusion complex, which is thought to involve the sequential binding of gB to gD, followed by the binding of gH-gL to the gB-gD complex (10, 20, 23, 24, 36, 41, 50, 62) .
Peptides that interrupt protein-protein interactions in viral infection have potential as antiviral drugs and may also be useful tools for elucidating the mechanisms underlying the entry process. For instance, the anti-human immunodeficiency virus (HIV) drug Fuzeon acts by blocking HIV entry (66) . In another example, the enzymatic activity of HSV ribonucleotide reductase 1 (RR1)-RR2 complex can be inhibited by a peptide corresponding to the 9 carboxyl-terminal amino acids of the small-subunit RR2, which acts by disrupting the RR1-RR2 holoenzyme (14, 16, 17, 61) . A peptidomimetic compound resembling the 6 carboxy-terminal amino acids of the RR2 subunit was shown to reduce the severity of HSV-1 keratitis and inhibit replication in vivo (6) , supporting the potential use of peptides or peptidomimetic drugs for HSV-1 infection.
Previous work in our laboratory has shown that peptides containing cell-penetrating motifs are potent antivirals (7, 8) . One of these cell-penetrating peptides, the cationic peptide GRKKRRQRRR derived from the HIV tat protein, was shown to inhibit HSV-1 infection at the entry step in cell culture with a 50% effective concentration (EC 50 ) of 1 M (7). Recently, we showed that the antiviral activity of TAT peptide could be improved by adding a single cysteine residue to the C terminus of the TAT peptide (TAT-C) (9) . In addition to inhibiting entry, the added cysteine gave the peptide the capacity to inactivate virions in solution and induce a state of resistance to infection in cells pretreated with the peptides. The peptide composed entirely of D-amino acids (TAT-CD) was equally as effective as the L-amino acid version, indicating that chirality is not critical (9) . The TAT-C peptide has previously been shown to have low toxicity both in vitro and in vivo (1) .
Antimicrobial peptides and proteins are often highly cationic and amphiphilic (33) . Examples of these peptides include rabbit ␣-defensin NP-1, a synthetic -defensin (retrocyclin 2), magainins, lactoferricin, and dermaseptins. These peptides have been shown to block HSV infection at the attachment and/or entry step (2, 4, 18, 33, 55, 67) . Lactoferricin binds to heparan sulfate, thereby blocking viral attachment (38) . Retrocyclin 2 acts as a "mini-lectin" and interacts with the carbohydrate side chains on viral glycoproteins (28, 35, 67) .
␤-Peptides are oligomers of ␤-amino acids; these unnatural "foldamers" are capable of forming several distinct secondary structures, depending upon residue substitution patterns (11) . In contrast to conventional ␣-peptides, ␤-peptides are resistant to proteolytic degradation (53) . In addition, properly designed ␤-peptides are more conformationally stable in aqueous solution, especially at relatively short lengths, than are ␣-peptides (3, 48, 64) . Therefore, ␤-peptides that mimic the structure and function of biologically active ␣-peptides can provide unique tools for elucidating structure-function relationships, and such ␤-peptides might ultimately be useful as therapeutic agents.
Helical ␤-peptides have been shown to mimic the antimicrobial activities of host-defense peptides (37, 43, 44, 49) . This activity required the design of sequences that lead to global segregation of cationic and hydrophobic residues on opposite sides of the helix. More recently, ␤-peptides bearing guanidinium groups in their side chains have been shown to mimic the cell penetration behavior of arginine-rich ␣-peptides (45) (46) (47) . These findings raise the possibility that ␤-peptides could be engineered to display antiviral activity against HSV-1. In the present study, we report that three cationic ␤-peptides, peptides 1 to 3 ( Fig. 1) , inhibit HSV-1 infection. The most effective ␤-peptide, peptide 1, blocked infection at the postattachment entry step in cell culture (EC 50 ϭ 3 M) but did not inactivate virions in solution, induce cell resistance to infection, or inhibit viral attachment to the cell receptor. These data suggest the potential use of cationic ␤-peptides as antiviral agents.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney cells (Vero) and primary human corneal fibroblasts (keratocytes, HK320) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with a 10% serum (a 1:1 [vol/vol] mixture of fetal bovine serum and calf serum), 100 U/ml penicillin, and 100 g/ml streptomycin sulfate at 37°C in an atmosphere of 5% CO 2 . The isolation procedures for the primary keratocytes were described previously (42) . Cells infected with virus were grown in DMEM supplemented with 2% serum. To prepare high-titer stocks of HSV-1 KOS virus, Vero cells were infected at a low multiplicity of infection (MOI ϭ 0.01). When the cytopathic effect was 90 to 100%, the infected monolayers were harvested and subjected to three freeze-thaw cycles using a dry ice-ethanol bath, centrifuged at 1,000 ϫ g for 5 min to remove debris, and stored at Ϫ80°C. Stocks of the HSV-1 KOS mutant hrR3, which expresses Escherichia coli ␤-galactosidase from the early ICP6 promoter (25) , were purified on sucrose gradients as described previously (26) . Viral titers were determined by plaque assay on Vero cells. To prepare Vero cells for all in vitro experiments described below, Vero cells were seeded in a 96-well plate (1 ϫ 10 4 cells per well) and incubated for 4 days at 37°C. To prepare HK320 cells for a comprehensive assay, HK320 cells were seeded in a 96-well plate (5 ϫ 10 4 cells per well) and incubated overnight at 37°C.
␤-Peptide synthesis. Synthesis of the 9-fluorenylmethoxy carbonyl (Fmoc) ␤-amino acids was described elsewhere (27) . Briefly, Fmoc-protected ␤-amino acids were synthesized via Arndt-Eistert homologation (27) using the modified procedure described by Muller et al. (40) . The synthesis of trans-2-(S,S)-aminocyclohexanecarboxylic acid (ACHC) was as described by Schinnerl et al. (51) . The ␤-peptides were synthesized by manual Fmoc solid-phase synthesis on Novasyn TGR resin and purified by preparative reverse-phase high-pressure liquid chromatography. The desired ␤-amino acid composition was confirmed by matrix-assisted laser desorption ionization-time of flight analysis. ␤-Peptide concentrations were determined by calculating absorbance at 275 nm (46) .
Comprehensive antiviral assay. Both the hrR3 virus (1 ϫ 10 6 PFU/ml) and Vero or HK320 cells were incubated with various concentrations of the ␤-peptides at 37°C for 1 h. The ␤-peptide-containing medium was removed from the cells, and the ␤-peptide-treated virus (MOI, 0.1) was added. After incubation at 37°C for 6 h, the cells were lysed with 0.5% NP-40 in phosphate-buffered saline (PBS) containing 2 mM MgCl 2 and 5 mM chlorophenol red-␤-galactopyranoside (Roche Diagnostics, Indianapolis, IN). The initial rate of ␤-Dgalactosidase activity was measured with a 96-well plate reader (Biotek Instruments, Inc., Winooski, VT) at a wavelength of 570 nm. Background activity was measured in mock-infected cultures and was subtracted from the data. Each data point represents the mean, with standard deviation, of results for triplicate samples.
Inactivation of virions in solution. Recombinant hrR3 virus (1 ϫ 10 8 PFU/ml) was incubated with various concentrations of the ␤-peptides for 1 h at 37°C. Then, the sample was diluted 1,000-fold into DMEM supplemented with ␤-peptide-free serum, and the remaining infectious virus in Vero cell cultures was quantified by measuring the ␤-D-galactosidase activity as described above. The bKLA (biotinylated KLA) peptide (KLALKLALKALKAALKLA), which we previously showed was toxic to cells in culture and inactivates virus in solution (1, 8) , was used as the positive control.
Assay to induce cell resistance. Vero cells were incubated with various concentrations of the ␤-peptides for 1 h at 37°C. Following incubation, the ␤-peptides were removed and the cells were washed with DMEM supplemented with ␤-peptide-free serum. The ␤-peptide-treated cells were then infected with hrR3 virus (MOI, ϳ0.1) at 37°C. After 1 h, the virus was replaced with serumsupplemented DMEM, the infected cells were incubated at 37°C for 6 h, and ␤-D-galactosidase activity was measured.
Entry assay. Recombinant hrR3 virus was adsorbed for 1 h at 4°C to precooled Vero cells (MOI, ϳ0.2). Various concentrations of ␤-peptides were then added, and the cultures were incubated for additional 15 min at 4°C. The cultures were then shifted to 37°C to initiate entry, and after 1 h, the wells were rinsed with PBS, treated for 1 min with low-pH citrate buffer (pH 3.0) to inactivate any remaining extracellular virus, and rinsed with PBS again. The cultures were then returned to serum-supplemented DMEM, incubated at 37°C, and assayed for ␤-D-galactosidase activity 6 h later, as described above.
Postentry assay. Vero cells were infected with hrR3 virus (MOI, ϳ0.05) at 37°C. After 1 h, the wells were rinsed with PBS, treated for 1 min with low-pH citrate buffer (pH 3.0) to inactivate any remaining extracellular virus, and rinsed with PBS again. The cultures were then incubated at 37°C in serum-supplemented DMEM in the presence and absence of various concentrations of ␤-peptides and assayed for ␤-D-galactosidase activity 6 h later.
Attachment assay (cellular enzyme-linked immunosorbent assay). Vero cells were precooled at 4°C for 30 min. Recombinant virus (5 ϫ 10 7 PFU/ml) was mixed with various concentrations of ␤-peptides, and then the virus-␤-peptide suspensions were added to cells at 4°C for 1 h. The cultures were rinsed with serum-free, carbonate-free DMEM (S Ϫ ) once and fixed with 4% paraformaldehyde in S Ϫ for 1 h at room temperature. The cultures were washed three times with S Ϫ and blocked with 3% bovine serum albumin (BSA) in S Ϫ at room temperature. After the cultures were blocked for 1 h, polyclonal rabbit anti-HSV type 1 antibody (1:100 dilution in 0.05% BSA in S Ϫ ; Dako North America, Inc., Carpinteria, CA) was added. After incubating for 1 h at room temperature, the cultures were rinsed three times for 5 min each with S Ϫ . The secondary antibody, goat anti-rabbit immunoglobulin G (IgG) conjugated with alkaline phosphatase (1:2,000 dilution in 0.05% BSA in S Ϫ ; Sigma-Aldrich, St. Louis, MO) was then added. After 1 h at room temperature, the cultures were rinsed three times with S Ϫ for 5 min each, and the amount of adsorbed virus was measured by reading initial rates of change at 405 nm with a 96-well plate reader (Biotek Instruments, Inc., Winooski, VT) after substrate (p-nitrophenylphosphate; catalog no. P4744; Sigma-Aldrich, St. Louis, MO) addition.
Dye reduction assay. ␤-Peptide cytotoxicity was determined using a commercially available assay (Celltiter 96 AQ queous One Solution cell proliferation assay reagent [Promega, Madison, WI]) as described previously (1) . Briefly, Vero cells (1.5 ϫ 10 4 cells/well) were seeded in a 96-well plate and incubated for 24 h at 37°C. Following incubation, 20 l of medium containing the desired concentration (twofold dilution) of ␤-peptides was added to the cells. Control cells received medium only. The bKLA peptide (see above) was used as a positive control for toxicity. After incubating the cells in the presence of ␤-peptide overnight at 37°C, 20 l of the 96 AQ queous One Solution cell proliferation assay reagent was added to each well. The plate was then incubated for 2 h at 37°C, and the absorbance at 490 nm was determined using a 96-well plate reader (Biotek Instruments, Inc., Winooski, VT).
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on October 15, 2017 by guest http://aac.asm.org/ RESULTS ␤-Peptide design. Figure 1 shows the three ␤-peptides used in this study; each molecule contains six ␤ 3 -homoarginine (␤ 3 hArg) residues. These ␤-peptides were designed to adopt a 14-helix conformation, i.e., a conformation defined by 14-membered-ring hydrogen bonds between backbone amide groups [N-H(i)OO ϭ C(i ϩ 2)] (11). The 14-helix contains approximately three residues per helical turn. ␤-Peptides 1 and 2 contain repeating triads (X-␤ 3 hArg-␤ 3 hArg), where X is ACHC residues for ␤-peptide 1 and ␤ 3 -homovaline residues for ␤-peptide 2. ␤-Peptide 3 is a sequence isomer of ␤-peptide 1. The ACHC residues in peptides 1 and 3 constrain the ␤-peptide backbone in a way that strongly promotes 14-helix formation; both peptide 1 and peptide 3 display 14-helical folding in aqueous solution, but peptide 2, lacking ACHC residues, does not (46) . In the 14-helical conformation of peptide 1, the cationic guanidinium side chains (␤ 3 hArg) are clustered along one side (globally amphiphilic helix), as illustrated in the "helical wheel" diagram in Fig. 1C . In sequence isomer 3, the guanidinium side chains are dispersed around the entire periphery of the helix. Previously, we showed that variations in the geometry of the guanidinium group display affect the ability of the ␤-peptide to enter cells (46): ␤-peptide 1, which forms the globally amphiphilic helix, enters HeLa cells efficiently, but sequence isomer 3 does not. The behavior of peptide 2 showed that the stability of the helical conformation is important for cell entry. ␤-Peptide 2 can form a globally amphiphilic 14-helix, but this molecule, lacking ACHC residues, does not adopt the 14-helical conformation in aqueous solution, and peptide 2 does not enter HeLa cells efficiently (46) . ␤-Peptides are not toxic to Vero cells. Prior to assessing the antiviral activities of the ␤-peptides, we asked whether the ␤-peptides were cytotoxic. Vero cells were incubated with various concentrations of the ␤-peptides for 24 h at 37°C, and cell viability was determined using a dye reduction assay. The bKLA peptide (5 M) was used as a positive control, as this 18-mer ␣-peptide, which forms a globally amphiphilic ␣-helix, was previously shown to be toxic to Vero cells (1) . Indeed, this ␣-peptide significantly reduced cell viability (Fig. 2) . In contrast, none of the three ␤-peptides appeared to be toxic, as cell viability was not reduced at the maximum concentration tested (EC 50 Ͼ 50 M). It is possible that the ␤-peptides induce cell proliferation, since the number of viable cells increased about 33% in the presence of ␤-peptides compared to that in the no-peptide control, and this increase was significantly different (t test, P Ͻ 0.05).
␤-Peptides block HSV-1 infection. To determine whether the ␤-peptides were active against HSV-1 infection, a comprehensive assay was initially conducted. In this assay format, the ␤-peptide was present before, during, and after infection. To measure infectivity, we took advantage of the HSV-1 KOS mutant hrR3, which expresses a reporter ␤-galactosidase under the early ICP6 promoter. The expression of ␤-galactosidase protein indicates that the virus has entered the cell and released its genome to the nucleus, where transcription is activated. As shown in Fig. 3A , all three ␤-peptides inhibited viral infection at low micromolar concentrations. The EC 50 for ␤-peptides 1, 2, and 3 were 3, 10, and 7 M, respectively.
To demonstrate that the antiviral effect of the ␤-peptides on HSV-1 infection was not specific to a continuous cell line, the comprehensive assay was conducted using primary human keratocytes (HK320 cells). As shown in Fig. 3B , all three ␤-peptides effectively inhibited viral infection in a dose-dependent manner. The EC 50 values for ␤-peptides 1, 2, and 3 were 1, 5, and 1 M, respectively, in HK320 cells. These results suggest that the antiviral effects of the ␤-peptides are not dependent on cell type.
␤-Peptides do not inactivate virions in solution.
Having shown that the ␤-peptides inhibited HSV-1 infection, we sought to identify the step in infection that was blocked by the ␤-peptides. To determine if the ␤-peptides were virucidal, hrR3 virus was incubated with various concentrations of the ␤-peptides for 1 h at 37°C. After 1 h, the virus-␤-peptide mixtures were diluted 1,000-fold, in order to reduce the ␤-pep- tide concentration to below the inhibitory concentration, and titers were determined on Vero cells. The controls included mock-infected cells, viruses only, and viruses that were treated with a 30 M concentration of the bKLA peptide, which inactivates HSV-1 at this concentration (7) . As shown in Fig. 4A , none of the ␤-peptides inhibited virus infection at concentrations as high as 50 M, whereas infection was almost completely inhibited when viruses were treated with the bKLA peptide. Therefore, the inhibition of virus infection by ␤-peptides 1, 2, and 3 was not due to the irreversible inactivation of virions in solution.
Pretreatment of cells with ␤-peptides does not inhibit infection.
Pretreatment with certain cationic peptides, such as TAT-CD, can render cells resistant to infection with HSV-1 (9). To determine whether pretreatment with the ␤-peptides induced resistance to infection, cells were incubated with various concentrations of the ␤-peptides at 37°C for 1 h prior to virus infection. The cultures were then rinsed with ␤-peptide-free serum-supplement DMEM and infected. Mock-infected cells, infected cells that were not treated with any peptide, and cells treated with 100 M TAT-CD served as controls. As shown in Fig. 4B , cells exposed to TAT-CD were resistant to infection,
FIG. 3. ␤-Peptides inhibit HSV-1 infection in a comprehensive assay. (A) Vero cells. (B) HK320 cells. Confluent cells in a 96
-well plate and recombinant hrR3 KOS virus were incubated with various concentrations of the ␤-peptides for 1 h at 37°C prior to infection. Treated cells were then infected with treated viruses and incubated at 37°C for 6 h. Infected cells were lysed, chlorophenol red-␤-galactopyranoside was added, and the kinetics of ␤-galactosidase (␤-gal) activity, as a measure of infectivity, was then determined. The activity observed in cells that had not been exposed to a ␤-peptide was set to 100% infectivity. Each data point and error bar represent the mean Ϯ standard deviation of results for triplicate samples. E, peptide 1; F, peptide 2; , peptide 3.
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on October 15, 2017 by guest http://aac.asm.org/ whereas none of the ␤-peptides induced resistance to infection up to a concentration of 50 M. These results suggest that the inhibitory activity of the ␤-peptides was not due to an effect of the ␤-peptides on cells.
Inhibition of viral attachment to the cell surface is not a major activity of the antiviral ␤-peptides. To determine whether the antiviral effect was due to the inhibition of viral attachment to the cell surface, a cellular enzyme-linked immunosorbent binding assay was performed. Viral attachment in the absence of ␤-peptides was set at 100%. Heparin (5 M) served as a positive control and blocked virus binding to the cell surface by 90% (Fig. 4C) . As shown in Fig. 4C , increasing Vero cells were infected with virus for 1 h at 37°C. The cultures were then rinsed, treated with low-pH citrate buffer (pH 3.0) to inactivate extracellular virus, rinsed again, and refed with medium containing various concentrations of the ␤-peptides. Infectivity was determined after 6 h at 37°C by measuring ␤-galactosidase activity. The negative control was a sample without ␤-peptide (set as 100%) in all assays. Each data point and error bar represent the mean Ϯ standard deviation of results for triplicate samples. E, peptide 1; F, peptide 2; , peptide 3.
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on October 15, 2017 by guest http://aac.asm.org/ concentrations of ␤-peptides 2 and 3 had no effect on attachment. However, ␤-peptide 1 reduced viral attachment to 65% at the highest concentration tested (12.5 M), and this difference was significant (t test, P Ͻ 0.05) compared to values for the control or ␤-peptide 2 and 3 groups. Compared to the results from the other assays, these results suggest that the inhibition of virus attachment is not the major source of the antiviral effect exerted by the ␤-peptides. Postentry effect of ␤-peptides. To test whether the ␤-peptides had any effect on infection after virus had entered the cells, the ␤-peptides were added to cells that had been exposed to virus for an hour at 37°C. Figure 4D shows that both peptides 2 and 3 had little if any inhibitory effects when they were added after viral entry at the highest concentrations tested (50 M). ␤-Peptide 1 had some inhibitory effect, yielding 45% inhibition at a concentration of 50 M, and this difference with ␤-peptide 1 was significant (t test, P Ͻ 0.05) compared to the effects of ␤-peptides 2 and 3 and the control. These results suggest that antiviral activities employed by all three ␤-peptides are not primarily due to the effect of peptides after viral entry into the cell.
␤-Peptides inhibit viral infection at the postattachment entry step. To determine whether the ␤-peptides inhibited viral infection at a step between attachment and entry, virus was allowed to attach to cells at 4°C for 1 h. The cultures were then exposed to various concentrations of the ␤-peptides, and after an additional 15 min at 4°C, the cultures were shifted to 37°C to initiate virus entry. At 1 h following the temperature shift, any virus remaining outside the cells was inactivated by washing the cultures with low-pH citrate buffer, and the cultures were rinsed and returned to DMEM supplemented with ␤-peptide-free serum. The controls included mock-infected cells, infected cells that were not treated with any peptide, and cells that were treated with 10 M TAT-CD, a peptide that had previously been shown to inhibit virus entry (7) . As shown in Fig. 5 , all three ␤-peptides exhibited a dose-dependent postattachment inhibitory effect. The most effective ␤-peptide was 1, with an EC 50 of 3 M. This was significantly different from the EC 50 values for ␤-peptides 2 and 3 (EC 50 s, ϳ19 M and 22 M, respectively; P Ͻ 0.05). These results show that ␤-peptide 1 is a particularly effective entry inhibitor.
DISCUSSION
␤-Peptides that mimic the structures of naturally active peptides are gaining interest because they have two key advantages over natural ␣-peptides: resistance to proteolytic degradation (52) and an ability to form stable secondary structures at short lengths (11, 15) . Many naturally occurring antimicrobial host defense peptides, such as magainins (69) and cecropins (59) , are cationic and form globally amphiphilic ␣-helices (68). We previously reported that cationic ␤-peptides that form a globally amphiphilic helix display antimicrobial activity and that the amphiphilic helix is necessary for activity (44, 49) . Several studies have demonstrated that cationic antimicrobial peptides have anti-HSV-1 activity and that the antiviral activity requires a globally amphiphilic helical fold (30) (31) (32) (33) . Therefore, we expected a cationic ␤-peptide that adopts a globally amphiphilic helix to be active against HSV-1. Our data show for the first time that amphiphilic cationic ␤-peptides are indeed effective against HSV-1.
The finding that peptide 1 was the most effective against HSV-1 among the three ␤-peptides that we evaluated suggests that 14-helical propensity and the geometry of guanidinium FIG. 5 . ␤-Peptides inhibit HSV-1 entry. Recombinant hrR3 virus was adsorbed to precooled confluent Vero cells in a 96-well plate at 4°C for 1 h. Unbound virus was removed by rinsing with medium, and various concentrations of the ␤-peptides were added to the cultures. After incubation at 4°C for 15 min, the cultures were shifted to 37°C for 1 h. The cultures were then rinsed, treated with low-pH citrate buffer (pH 3.0) to inactivate extracellular virus, rinsed again, and refed. After 6 h at 37°C, ␤-galactosidase (␤-gal) activity was measured. The controls were samples without ␤-peptide (set as 100%) and samples in the presence of a 10 M concentration of the TAT-CD peptide (dashed line). Each data point and error bar represent the mean Ϯ standard deviation of results for triplicate samples. E, peptide 1; F, peptide 2; , peptide 3.
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on October 15, 2017 by guest http://aac.asm.org/ group display influences antiviral activity; however, neither a strong helical propensity nor a global segregation of guanidinium groups is absolutely required for activity. ␤-Peptides 1 and 2 were designed to have similar guanidinium group arrangements in a 14-helical conformation, but peptide 2 has a substantially lower folding propensity than peptide 1 (46) . The modestly improved activity of peptide 1 relative to that of peptide 2 may arise because peptide 1 is preorganized in the necessary conformation prior to encountering its target. The modestly improved activity of peptide 1 relative to the activity of sequence isomer 3 suggests that a spatial clustering of guanidinium groups is favorable for antiviral activity. Perhaps this clustering facilitates the interaction of the oligo-cation with negatively charged sialic acid units on the virus. Recently, we have shown that sialic acid on HSV-1 envelope glycoproteins is required for efficient infection (60) , raising the possibility that the binding of ␤-peptide 1 to sialic acid could inhibit the function of viral entry proteins. Several pieces of evidence indicate that the cationic ␤-peptides examined in this study inhibit HSV-1 infection at the entry step following viral attachment to the target cell surface. The fact that the EC 50 values observed for ␤-peptide 1 in the comprehensive assay and the entry assay were identical (3 M) suggests that inhibition of entry accounted for most of the antiviral activity of peptide 1. The observation that pretreatment of cells with ␤-peptides does not confer resistance to infection suggests that any interactions of the ␤-peptide with cell surface molecules do not interfere with viral attachment and subsequent entry. It is also important to note that the ␤-peptides themselves did not interfere with ␤-galactosidase activity because ␤-galactosidase activity was not inhibited when cells were pretreated with the ␤-peptides, and these peptides can be taken up by cells (46) . Our results showed that the ␤-peptides were not inhibitory when preincubated with virus prior to infection, which suggests that any interaction between the peptides and virus is reversible.
Although the data strongly support the conclusion that the principal effect of ␤-peptide 1 was to inhibit viral entry, we found that ␤-peptide 1 reduced ␤-galactosidase activity by about 45% when it was added postinfection but that ␤-peptides 2 and 3 had no effect. This is consistent with previous data showing that ␤-peptide 1 but not ␤-peptides 2 and 3 could enter cells (46) . At the present time, the reason for this effect is not clear. It is not due to the inhibition of ␤-galactosidase activity by ␤-peptide 1, as the ␤-galactosidase activity was not inhibited when cells were pretreated with the ␤-peptide 1 (Fig.  4B ). We used a low MOI in these studies, raising the possibility that the effect could be due to the inhibition of the reinfection of new cells. However, the infection was allowed to proceed for only 6 h, which is not sufficient for the initiation of a second round of infection. Further studies will be needed to determine if ␤-peptide 1 has antiviral effects inside the cell.
Preliminary studies with cationic TAT peptides indicate that they bind to sialic acids on HSV-1 glycoproteins, and when considered with our recent finding that virion sialic acids are required for infection (60) , this observation raises the possibility that the cationic ␤-peptides inhibit HSV-1 entry through an interaction with sialic acid on one or more envelope glycoproteins. If so, then it might be expected that binding to virion sialic acid would inactivate the virus. However, previous work in one of our laboratories showed that the TAT peptide itself (GRKKRRQRRR) inhibited entry but was not virucidal and did not induce cellular resistance to infection (9) . Virucidal and cell resistance activities of the TAT peptide required the addition of a C-terminal cysteine (TAT-C). Thus, it is not surprising that the ␤-peptides functioned only as entry inhibitors. Further studies will be needed to identify the target on the virus for the ␤-peptides.
The initial attachment of HSV-1 to cells occurs via binding to cell surface heparan sulfate (58) . Cationic TAT peptides have been shown to bind heparan sulfate, and this is required for the cell penetration activity of TAT peptides (63, 70) . The cationic ␤-peptides are also likely to bind to heparan sulfate, raising the question of why the cationic ␤-peptides do not block attachment. In our studies with TAT peptides, we found that attachment was not inhibited to a significant extent, suggesting that TAT peptides and HSV-1 recognize different structural features in heparan sulfate (9) . Thus, it is possible that the cationic ␤-peptides act similarly to TAT and therefore do not inhibit attachment of the virus to cells.
One of our laboratories recently reported that specific ␤-peptides can block the infection of cells in culture by human cytomegalovirus (19) . In that case, however, activity was sensitive to the ␤-peptide sequence, which contrasts with the observations reported here for ␤-peptides 1 to 3. We believe that the mode of anti-human cytomegalovirus action involves the disruption of a specific protein-protein interaction involved in the viral entry process.
In summary, we report for the first time that amphiphilic, cationic ␤-peptides inhibit HSV-1 infection at low micromolar concentrations in cell culture. The inhibition by these ␤-peptides was not due to the inactivation of virions in solution, induction of cell resistance to infection, blocking of viral attachment, or toxicity to the cells themselves. Rather, the ␤-peptides appear to inhibit HSV-1 infection at a step between attachment and entry. These ␤-peptides may be useful as tools for extending our understanding of the processes of viral entry into cells and offer a new, potentially exciting, direction in antiviral drug development.
